I. INTRODUCTION
Many transition metal oxides exhibit charge and orbital ordering which manifests itself in a spatial localization of charge carriers on certain ionic sites and electron orbitals, respectively. These correlated ordering processes govern the physical properties, such as; magnetism and charge transport, and are responsible for many ubiquitous phenomena.
1-3
Magnetite, Fe 3 O 4 , is one of the important 3d transition metal oxides, due to its half metallic nature, high Curie temperature (858 K) and presence of a metal-insulator transition (MIT) at around 121 K (known as Verwey transition). Hence, it is viewed as a potentially interesting material for spintronic applications.
4,5
The Verwey transition in Fe 3 O 4 leads to a change in conductivity by two orders of magnitude across the transition temperature and is believed to be associated with a order-disorder transition from a charge-ordered state of B-site Fe ions (Fe
+2,+3
, for octahedral Fe-ions) at low temperatures to a disordered state (Fe +2.5 at all B-sites) at higher temperatures. Despite decades of activity, the underlying physics related to this transition is not yet completely clear. 6 Various techniques have been used to grow epitaxial hetero-structures based on magnetite. MgO is an ideal template to grow Fe 3 O 4 films owing to the small lattice mismatch.
7-10
However, the Fe 3 O 4 /MgO hetero-epitaxial system suffers from the formation of antiphase boundaries (APB) which is an innate outcome of the growth process due to the fact that Fe 3 O 4 has a unit cell which is twice the size and lower in symmetry compared to MgO.
The presence of APBs has a deleterious effect on the magnetic properties but they are beneficial in enhancing the magneto-resistance of films due to additional spin scattering they induce.
11,12
Magneto-transport studies in epitaxial magnetite films are mostly focused on the influence of APBs, disorder and strain. In a recent study, 13 we have shown that if these nano-scale defects in Fe 3 O 4 films are manipulated in an ordered fashion one can attain a sizable magnetoresistance.
Understanding mechanisms that affect the magneto-transport behavior in Fe 3 O 4 is of crucial importance in realization of its application as a magneto-resistive sensor. One of the mechanisms contributing to the magneto-transport phenomenon is the anisotropic magnetoresistance, AMR. In ferromagnets, the AMR is caused by the spin-orbit interaction, which induces the mixing of spin-up and spin-down states.
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This mixing depends on the magnetization direction and gives rise to a magnetization-direction dependent scattering rate.
As a result, the conductivity of a saturated sample is affected by the angle between the 2 electrical current J and magnetization M . The angular dependence of resistivity is given by
Where ρ and ρ ⊥ are the resistivities for M J and M ⊥ J respectively. Various mechanisms have been proposed to explain the origin of the AMR and its link to spin-orbit coupling.
Some aspects of AMR have been dealt theoretically by Smit,
14
Berger,
17
Potter,
18
Campbell and Fert.
19
In ferromagnetic poly crystalline alloys the magnitude of the AMR is around 20
and 5 % at low temperature (20 K) and room temperature respectively. In thin films, its magnitude is further reduced due to surface scattering and additional structural effects. In single crystals and epitaxial thin films, in contrast to poly-crystals, additional features in AMR at low fields are observed which are related to the magneto-crystalline anisotropy and the AMR exhibits a deviation of the angular dependence from the cos 2 θ curve.
20,21
Enhanced magnitude of up to several tens of percent could be obtained in nano-structured devices like multilayers, constrictions in the ballistic regime, and nano-wires.
22,23
There are studies aimed at understanding the charge and spin coupling on AMR. In particular, AMR investigations in epitaxial thin films and single crystals of rare earth manganites have shown an anomalous temperature dependence where the magnitude of AMR peaks at a temperature close to the MIT, which is an issue actively debated by theoreticias and experimentalists.
24,25
In Fe 3 O 4 films, the AMR investigations have been performed by Ziese et al.
26
In films of thickness larger than 15 nm, they found a temperature independent AMR (∼ 0.5 %) for T > 200K, and a sign change in AMR at temperatures close to Verwey transition. No details of the angular dependence of the AMR were provided.
In this paper we report a detailed study of angular and temperature dependence of AMR Torr. The substrates were annealed at 600
• C in UHV for 1/2 h followed by 2 h annealing in 1.1x10
Torr oxygen. Torr). Substrate temperature during growth was 250
• C. Details of the growth procedure can be found elsewhere.
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Resistance versus temperature measurements for the samples were performed using a standard four probe method. Prior to the transport measurements, the samples were patterned into the Hall bar geometry by UV-lithography and chemically etched with an 8.55 M HCl solution.
The magneto-transport measurements were carried out using a Physical Property Measurement System (PPMS 6000 system of Quantum Design), which is equipped with a 14 T superconducting magnet and a sample rotator to perform the measurements at different field orientations in a temperature range of 2-400 K. In order to study the angular dependence of the AMR, the samples were subjected to a constant in-plane magnetic field H, while the angle θ, with respect to the electric current I, was changed from 0 to 360 degrees.
The longitudinal voltage which is proportional to the AMR was measured between contacts Fig. 2(a) ). A DC bias current was applied along the <100> direction, the applied current was always kept in 1-10 µA range for the thin film samples and in 1-10 mA range for the single crystal, the I-V characteristics of the studied samples exhibited linear behavior for the electrical currents used in the AMR experiment, for all the temperatures measured. The synthetic crystal of Fe 3 O 4 used in this study was grown employing the skull melting technique and showed a Verwey transition temperature of 119 K.
III. RESULTS AND DISCUSSION
We present a systematic study of the angular dependence of the anisotropic magnetoresis- ) for temperatures below T V .
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Figures 1(b) to 1(d) show the data for the 67 nm thick film fitted to small-polaron hopping ( Fig. 1(b) ),
Arrhenius law ( Fig. 1(c) ) and variable-range hopping ( Fig. 1(d) ). From the slope of the curves we obtain the polaron hopping energy (W p ), activation energy (E a ) and Mott temperature (T 0 ) respectively. These parameters obtained using the above models are summarized in Table I . The values of E a agree well with previous reports single crystal (Fig. 2(b) ). Similar features in the angular dependence of AMR have been previously observed in manganites 35 and more recently in diluted magnetic semiconductors (DMS).
36,37
In the latter case it has been related to the existence of two conduction mechanisms with different temperature dependencies. In general, additional anisotropy terms in the AMR response appear for single crystalline thin films provided the magnitude of external field is below the anisotropy field, such an example can be found for the case of a manganite thin film.
38
Besides the additional anisotropy terms arising from the magneto-crystalline anisotropy, they also observed appearance of hysteresis in angular dependence at small fields and low temperatures and attributed it to magnetic in-homogeneities.
The appearance of an additional anisotropy in the AMR in shown in Fig. 3(a) . Surprisingly, we notice that even with an increase in the magnetic field up to 14 T, we could not overcome this anisotropy. Furthermore the fact that the peaks related to the additional anisotropy are present at positions where the angle between the magnetic field and current is 90 the samples is always negative (see Fig. 3(b) ), in contrast to the positive magnetoresistance expected from the Lorentz force effects.
In order to understand the mechanism related to this additional anisotropic terms in AMR behaviour of magnetite, we need to look at the details of the origin of AMR in ferromagnets.
Phenomenologically, AMR shows a two-fold symmetry for polycrystalline materials because the magnetocrystalline effect is averaged out. However in single crystals and epitaxial films, it contains higher order terms which reflect the symmetry of the crystals.
39,40
Using the phenomenological description for the anisotropic magnetoresistance, the dependence of the resistivity tensor with respect to the angle between magnetization and current can be calculated. Expanding the resistivity tensor as a function of the direction cosines of the magnetization and considering the symmetric part only gives:
where a ij , a ijkl , a ijklmn are elements of the tensor up to the fourth order and the α k are the direction cosines of the magnetization. The number of coefficients can be reduced considering the Onsager relation (ρ ij ( α) = ρ ij (− α)) and symmetry of the crystal
41
. For an in-plane magnetization and current applied in the < 100 > direction, the obtained resistivity tensor looks as follows:
with C 0 = a 11 + a 1122 + a 111122 , C 2 = a 1111 − a 1122 − 2a 111122 + a 112211 and C 4 = a 111111 + a 111122 − a 112211 , and θ the angle between magnetization and current directions. This result is based on power expansions in terms of cos n θ; even though our data is analysed using the following expression:
since we can extract direct information on the uniaxial and cubic components of the anisotropic magnetoresistance. The a 0 , a u and a c constants are related to the previous
We fit the angular dependence of AMR using the expression of Eq. 4, obtaining the coefficients a u and a c , which are proportional to the uniaxial and cubic component respectively. The fact that the additional symmetry appears at a temperature well above T V is in agreement with previous reports where anomalies in muon spin rotation (µSR) measurements 43 and neutron scattering experiments 44, 45 have been observed at temperatures T > T V +100, which have been related to the formation of polarons.
Recalling the discussion on the temperature dependence of the resistivity for our films, we consider the activation energies measured in region II. Following the model by Ihle et al.,
32
the electron-phonon coupling constant (S 0 ) was obtained and the temperature of transition between the SP band and hopping conduction region, was calculated using the expression
, where ω 0 = 0.07eV . We obtained the temperature value of T = 215K for the 67 nm thick film. This is in good agreement with the temperature where the a c component shows the splitting with the field (see Fig. 5(b) ) below some 200 K, suggesting that the observed anomaly is a consequence of a change in the conduction mechanism in magnetite due to the formation of polarons. Piekarz et al.
47,48
have recently proposed a mechanism for the Verwey transition as a cooperative effect between intra-atomic Coulomb interaction of Fe ions and phonon-driven lattice instability. They developed a model which shows that the strong electron-phonon coupling induces local crystal deformations and a polaronic short-range order above T V and point out that the signs of the metal-insulator transition already appear at about 200 K.
44,45,49
According to their model, the X 3 transversal optic phonon mode is responsible for the observation of charge-order stabilization at temperatures higher than the Verwey transition temperature, this mode consists of atomic displacements of the octahedral Fe and O atoms along <110> and <110> directions in alternate planes. These displacements modify the interplanar distances between Fe-O atoms, stabilizing charge and orbital order of the t 2g states (see Fig. 6 ). 
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Therefore the charge ordering produces an enhancement of the effect of the spin-orbit interaction. Since the anisotropic magnetoresistance is a consequence of this interaction 14, 15, 18 it can be expected that the the effect of polaron formation, thus charge ordering in the system can be observed by anisotropic magnetoresistance measurements as evidence from our observations.
IV. CONCLUSION
In summary, we performed a study of the angular dependence of AMR for epitaxial Thickness Arrhenius law Small-polaron hopping 
